Abstract The generation of reactive oxygen species (ROS), a byproduct of aerobic energy metabolism, is maintained at physiological levels by the activity of antioxidant components. Insufficiently opposed ROS results in oxidative stress characterized by altered mitochondrial function, decreased protein activity, damage to nucleic acids, and induction of apoptosis. Elevated levels of inadequately opposed ROS induce autophagy, a major intracellular pathway that sequesters and removes damaged macromolecules and organelles. In early pregnancy, autophagy induction preserves trophoblast function in the low oxygen and nutrient placental environment. Inadequate regulation of the ROS-autophagy axis leads to abnormal autophagy activity and contributes to the development of preeclampsia and intrauterine growth restriction. ROS-autophagy interactions are altered at the end of gestation and participate in the initiation of parturition at term. The induction of high levels of ROS coupled with a failure to induce a corresponding increase in autophagy results in the triggering of preterm labor and delivery.
Reactive oxygen species (ROS), such as superoxide radicals, hydroxyl radicals, alkoxy radicals as well as the non-radical intermediates hydrogen peroxide, ozone, and singlet oxygen, are byproducts of aerobic energy metabolism (Sies 1991; Finkel 2011) . The concentration of these radicals is maintained at physiological levels by activity of the antioxidant enzymes superoxide dismutase, catalase, and peroxiredoxins as well as by concentrations of glutathione and vitamins C and E. When this system becomes out of balance, the generation of insufficiently opposed ROS results in altered mitochondrial function, a diminution of protein activity, damage to nucleic acids, and induction of apoptosis. The consequent tissue damage is manifested in a range of pathologies to different organ systems (Domingueti et al. 2015; Aluganti et al. 2016; Hernández et al. 2016) . Recently, insufficiently regulated ROS has been recognized as a major contributor to disorders of pregnancy (Coppe et al. 2010; Redman and Sargent 2010; Menon 2014; Wu et al. 2015a, b; Zhang et al. 2015) .
A major pathway for removing macromolecules and organelles that have been damaged by ROS is macroautophagy, hereafter referred to as autophagy. This catabolic process is responsible for eliminating altered proteins, mitochondria, and inflammasomes from the cytoplasm. Macromolecules and organelles marked for destruction are enclosed within a doublemembrane structure called autophagosome. Its subsequent fusion with a lysosome results in degradation of the enclosed entity and release of the component amino acids, carbohydrates, nucleic acid degradation products, and lipids into the cytoplasm as building blocks for synthesis of new macromolecules or for the generation of energy by mitochondria. Autophagy is a constitutive process and functions at a low level under physiological conditions to maintain homeostasis. However, autophagy activity is greatly up-regulated in response to nutrient limitation or to an altered intracellular milieu. A dysregulation of autophagy activity contributes to the pathology of multiple diseases (Chang et al. 2015; Tai et al. 2016; Edens et al. 2016) , including complications of pregnancy (Hung et al. 2012; Kanninen at el. 2013b; Gao et al. 2015; Brickle et al. 2015; Agrawal et al. 2015) .
In this communication, we delineate the interactions between oxidative stress and autophagy during gestation and highlight how disturbances in this relationship contribute to pregnancy pathologies.
Oxidative stress and autophagy during pregnancy and parturition
Trophoblast growth, differentiation, and migration are central to formation of the placenta. Under physiological conditions, extravillous trophoblast (EVT) invades the maternal decidua and facilitates vascular remodeling of the spiral arteries. A low availability of energy and nutrients in the first trimester placenta due to a limited blood supply at the maternal-fetal interface (Lyall 2002) results in an elevated ratio of intracellular adenosine monophosphate to adenosine triphosphate (AMP/ ATP). Under these conditions, production of the enzyme 5′-AMP-activated protein kinase (AMPK) is up-regulated. AMPK phosphorylates and prevents activation of the intracellular complex, mammalian target of rapamycin complex 1 (mTORC1), which is the major inhibitor of autophagy (Kim and Guan 2015) . In addition, AMPK also phosphorylates tuberous sclerosis complex 1 and 2 (TCS1, 2), converting it into an inhibitor of mTORC1. This mechanism is outlined in Fig. 1 . Thus, autophagy is activated under conditions of low nutrient and oxygen availability that favor increased ROS production to promote survival of the EVT and preserving its ability to invade into the myometrium. After about the 12th week of gestation, EVT infiltrates deeper into the endometrium and myometrium, and the increased maternal blood flow results in a greatly elevated oxygen level. The subsequent increased production of ROS stimulates a further elevation in autophagy to maintain EVT homeostasis. Culture-based experiments have confirmed that oxygen deficiency induces autophagy in primary human trophoblast cells ). In addition, hypoxia-induced autophagy has been shown to enhance the invasion capacity of EVT (Nakashima et al. 2013 ). However, it has also been reported that inhibition of production of autophagy-related proteins by siRNA transfection had no effect on invasion activity of a trophoblast cell line (Hung et al. 2013) . The role of autophagy in the initiation and persistence of trophoblast invasion in vivo remains to be further clarified (Saito and Nakashima 2014) .
Few clinical studies have evaluated oxidative stress and autophagy at later stages of pregnancy, due primarily to the difficulty in obtaining and evaluating second trimester placentas and fetal membranes from women with normal gestations. One study (Hung et al. 2013 ) identified autophagy activity in placentas from early, mid, and late gestations from uncomplicated pregnancies by transmission electron microscopy, immunofluorescence, and detection of mRNA coding for autophagy-related proteins. Recent experiments from our laboratory demonstrated that autophagy activity in peripheral blood mononuclear cells increases as gestation progresses (Kanninen et al. 2013a) . Regarding oxidative stress, Basu et al. (2015) investigated oxidative balance in healthy pregnant women throughout gestation by measuring a byproduct of lipid peroxidation, malondialdehyde (MDA), in 201 placentas from women who underwent elective termination of pregnancy between 6-and 26-week gestation and from women with term deliveries. Placental levels of MDA, and hence oxidative stress, were the highest in first trimester placenta and decreased as gestation progressed. Concomitantly, there was an increase in total antioxidant capacity as gestation progressed. However, towards the end of pregnancy, levels of ROS in maternal-fetal compartments again become elevated due to higher fetal metabolic demands, depletion of antioxidants, and a reduced maternal supply of metabolic substrates (Myatt and Cui 2004; Agarwal et al. 2005; Paamoni-Keren et al. 2007) . Fig. 1 Regulation of autophagy by oxidative stress in first trimester placenta. Elevated levels of reactive oxygen species (ROS) and an increased AMP/ATP ratio (low ATP levels) activate AMPactivated protein kinase (AMPK) which phosphorylates Tsc2 and activates the Tsc1-Tsc2 complex. Activated Tsc inhibits mammalian target of rapamycin complex (mTORC1) thereby stimulating production of the autophagy-related proteins LC3II, beclin 1, and Atg5-Atg12-Atg16L and induction of autophagy As pregnancy advances to term, profound uterine stretching to accommodate the growing fetus and greatly increased fetal nutritional demands lead to a progressive elevation in oxidative stress. In response to ROS and increased hydrogen peroxide production, the transcription factor nuclear factor kappa B (NF-kB) is activated resulting in the upregulation of genes coding for pro-inflammatory cytokines (Menon 2014) . Elevated ROS and inflammation also result in induction of the stress-induced 70-kDa heat shock protein (HSPA1A, Kampinga et al. 2009 ). This protein binds to intracellular proteins maintaining their proper conformation and function under stressful conditions. Both NF-kB (DjavaheriMergny et al. 2006 ) and HSPA1A (Dokladny et al. 2013; Sisti et al. 2015) are inhibitors of autophagy. A decreased level of autophagy is a characteristic of placentas evaluated following a vaginal delivery but is not a feature of placentas obtained by cesarean section from women who were not in labor (Signorelli et al. 2011 ). Moreover, it was recently shown that oxidative stress at term is also associated with a decrease in chromosome telomere length and induced senescence of cells in the chorioamniotic membranes Polettini et al. 2015) . Senescence, an irreversible arrest of cell growth and subsequent cellular and/or tissue aging, is a process that occurs under both physiologic and pathologic conditions (Campisi and Robert 2014) . It has been hypothesized that senescence enhances inflammation through promotion of the so-called senescence-associated secretory phenotype in the uterus, and participates in labor induction (Coppe et al. 2010; Behnia et al. 2015) . Thus, while ROS results in autophagy induction to maintain trophoblast viability and activity in the first trimester, its increased intensity near term coupled with activation of pro-inflammatory mediators and release of danger signals results in its contribution to the inhibition of autophagy near term. This is illustrated in Fig. 2 . The intracellular accumulation of abnormal proteins and reduced availability of amino acids for synthesis of new functional proteins due to impaired autophagy activity would limit production in myometrial cells of pro-quiescence factors such as progesterone receptor B and caspase 3 and thus promote induction of myometrial contractions (Sisti et al. 2016) .
A third mechanism by which ROS-autophagy interaction contributes to initiation of labor is by activation of inflammasomes. A Toll-like receptor located in the cytoplasm, NOD-like receptor protein (NLRP) 3, becomes activated in response to an altered intracellular milieu and binds to both an apoptosis-associated speck-like protein (ASC) and procaspase 1 to form the inflammasome. This complex then cleaves procaspase 1 to form an active caspase 1 protein which binds to the inactive precursor forms of both interleukin (IL)-1 and IL-18. These pro-inflammatory cytokines thus become activated and are released from cells (Petrilli et al. 2007 ). The concentration of inflammasomes within a cell is normally regulated by their ingestion by autophagy to prevent excessive pro-inflammatory cytokine release (Abdelaziz et al. 2015) . ROS generated from aged and defective mitochondria is a major activator of NLRP3 (Kepp et al. 2011) . Since altered mitochondria that release elevated levels of ROS are also normally removed from the cytoplasm by autophagy, a decrease in autophagy activity, such as occurs at the end of a term gestation, can be seen to promote inflammasome formation as well as result in the enhanced release of pro-inflammatory cytokines that contribute to the triggering of parturition. The involvement of inflammasome activation in initiation of labor and delivery has recently been proposed (Brickle et al. 2015; Romero et al. 2016 ). This pathway is outlined in Fig. 3 .
Oxidative stress and autophagy in preeclampsia and intrauterine growth restriction Excessive levels of inadequately opposed oxidative stress as well as increased or impaired autophagy are major contributors to pregnancy complications. Preeclampsia (PEC) is a syndrome marked by hypertension and proteinuria that occurs in 3-6 % of pregnancies and is responsible for about 18 % of maternal mortalities worldwide (Duley 2009; Ghulmiyyah and Sibai 2012; Anderson et al. 2012) . PEC is often associated with intrauterine growth restriction (IUGR), defined as a fetal weight below the 10 % percentile for a given gestational age (Brodsky and Christou 2004) . Rates of IUGR vary widely from 5 to 20 % in different geographical locations (Scifres and Nelson 2009; Saleem et al. 2011) . IUGR is associated with increased risk for preterm birth, stillbirth, and shortand long-term morbidities such as hypoglycemia, cardiac dysfunction, and neuro-developmental disorders (Smith and Fretts 2007; Longo et al. 2013; Salam et al. 2014; Gaccioli and Lager 2016) .
While knowledge of the pathogenesis of PEC and IUGR remains incomplete, it is clear that abnormal placentation and oxidative stress are involved in their development (Wu et al. 2015a ). The extent of EVT invasion of the spiral arteries in women who develop PEC is shallow and inadequate. This leads to episodes of hypoxia/reoxygenation and enhanced levels of ROS at the maternal-fetal interface as well as in the circulation (Hung and Burton 2006) . Concomitantly, antioxidant capacity has been shown to be compromised in PEC (Beauséjour et al. 2007; Burton and Jauniaux 2011) . This oxidative imbalance induces NF-kB activation in the placenta and release of pro-inflammatory cytokines, chemokines, and anti-angiogenic factors such as soluble endoglin and soluble Fms-like tyrosine kinase-1 (sFLT-1) (Lazdam et al. 2012) . Increased levels of these compounds result in systemic inflammation and placental and endothelial damage resulting in the PEC phenotype Szarka et al. 2010; Redman and Sargent 2010; Wu et al. 2015b ). As mentioned above, autophagy is also inhibited under these conditions. It has been demonstrated that while sera from women with normotensive pregnancies progressively induce higher levels of autophagy as gestation advances, this is not the case for sera from women with PEC (Kanninen et al. 2014) .
The pathophysiology of IUGR is similar to that of PEC. Placental insufficiency results in hypoxia/reoxygenation and synthesis of ROS leading to an inadequate nutrient supply to the growing fetus Wu et al. 2015b ). The degree of defective placentation may differentiate between cases of PEC-mediated IUGR from IUGR that occurs in the absence of concomitant hypertension (Myatt and Webster 2009) . Elevated levels of oxidative stress have been detected in placental villi from women with IUGR when compared to healthy pregnancies (Mert et al. 2012 ) and increased concentration o f pe ro xid ation prod ucts -MDA and 8-hydroxydeoxyguanosine-have been associated with growth-restricted newborns (Kim et al. 2005; Maisonneuve et al. 2014) . Despite the elevated levels of oxidative stress in Fig. 3 Promotion of inflammasome formation by inhibition of autophagy and increased ROS. A decrease in autophagy activity leads to the accumulation of defective mitochondria which generate unopposed ROS. This leads to activation of NLRP 3, its binding to apoptosisassociated speck-like protein (ASC) and procaspase 1 and formation of the inflammasome. The inflammasome complex catalyzes caspase 1 activation which then acts on the inactive precursor forms of interleukin (IL)-1 and IL-18 and culminates in the formation and release of the active pro-inflammatory cytokines Fig. 2 Regulation of autophagy by oxidative stress near term. Near term, highly elevated ROS results in induction of 70-kDa heat shock protein (HSPA1A) and transcription factor nuclear factor kappa B (NF-kB). HSPA1A inhibits autophagy through activation of the protein kinase, Akt, that leads to phosphorylation of mammalian target of rapamycin (mTOR), which, in turn, binds to raptor to form the mTORC1 complex that inhibits autophagy. Prolonged NF-kB activation is an additional inhibitor of autophagy through mTORC1 activation. Impaired autophagy leads to intracellular accumulation of abnormal proteins coupled with limited production of the pro-quiescence factors progesterone receptor B (PRB) and caspase 3, thus promoting myometrial contractions. Concomitantly, withdraw of autophagy induces decidual senescence that leads to membrane weakening and production of the senescence-associated secretory phenotype (SASP), further inducing labor PEC and IUGR, the administration of antioxidants to alleviate these conditions is controversial and reports regarding the positive effects of such intake are inconclusive (Basaran et al. 2010; Thorne-Lyman and Fawzi 2012) . While the balance between ROS and antioxidants is essential for cell homeostasis, it is important to consider that oxidative stress seems to be a consequence and not a primary cause of PEC and IUGR, and thus, a decrease in PEC and IUGR is not likely to be reversed by antioxidants (Menon 2014) . Moreover, antioxidant administration may hinder the physiological activity of ROS (Efimova et al. 2011) .
Increased autophagy in placentas from women with PEC and IUGR has also been noted (Oh et al. 2008; Hung et al. 2012; Curtis et al. 2013) . This up-regulation may be an attempt to facilitate trophoblast cell survival in response to an altered placental microenvironment (Hung et al. 2013) . In a recent study addressing early-onset PEC, treatment with the oxidative stress inducer glucose oxidase increased autophagosome formation, detected by transmission electron microscopy and transcription of genes coding for the autophagy-related proteins LC3 and Beclin-1 in both EVT and endothelial cells (Gao et al. 2015) . EVT invasiveness was also reduced by glucose oxidase treatment, a phenotype that could be partially reversed by treatment with an inhibitor of autophagosome formation. Moreover, LC3 and Beclin-1 co-located with an oxidative stress marker, nitrotyrosine. These findings strongly indicate that elevated oxidative stress increases autophagy in preeclamptic placentas. An evaluation of the role of autophagy in the differential development of early-or late-onset PEC, and its association with IUGR, warrants further investigation.
The increased induction of autophagy in association with PEC and IUGR likely contributes to development of a growthrestricted fetus. As noted above, oxidative stress-induced autophagy activation results from blocking activity of the autophagy inhibitor, mTORC1. Growth of the fetus is dependent on the transport of nutrients across the placenta, and mTORC1 is central to this process (Jansson et al. 2012 ). An inhibition of mTORC1 activity in the placenta results in a decreased level of amino acid transporters on trophoblast cells and a subsequent deficiency in nutrient availability to the fetus.
Oxidative stress and autophagy in the pathophysiology of preterm birth and premature preterm rupture of membranes Preterm birth (PTB), defined as birth before 37 complete weeks of gestation, is the leading cause of neonatal morbidity and mortality. Worldwide, 5 to 18 % of pregnancies reach their outcome prematurely, which translates into 15 million preterm newborns every year (Romero et al. 2014) . These neonates are prone to more short-and long-term disabilities in distinct organ systems than their term counterparts and often present with infections, enterocolitis, pneumonia, and neurological developmental disorders. One out of six million deaths among children younger than 5 years old can be traced to prematurity (Nour 2012) .
Approximately 40 % of PTB are medically induced due to maternal or fetal indications while the remainder are spontaneous following preterm labor (PTL) and/or preterm premature rupture of membranes (PPROM) (Romero et al. 2006; Goldenberg et al. 2008; Menon 2014) . A multitude of risk factors are associated with PTL and PPROM, from behavioral-nutrition, stress, environment-to genetic-polymorphisms, ethnicity-and pathological conditions-intrauterine infection, hydramnios, decidual hemorrhage (Romero et al. 2014) . Regardless of the risk factor(s) involved, inflammatory pathways are notably activated and culminate in PTB (Romero et al. 2014 ).
All the above risk factors can generate redox imbalance. Oxidative stress-induced damage has been proposed to activate signals that trigger PTL and PPROM (Menon 2014) . Cigarette smoke extract has recently been shown to induce ROS, oxidative damage, and inflammation in cultured amnion cells. Interestingly, levels were higher than was concomitant treatment of the cells with the major cell wall component of gram-negative bacteria, lipopolysaccharide (LPS) ). This induction of oxidative stress was demonstrated to provoke telomere reduction, cell cycle arrest, and senescence via activation of the p38MAPK pathway. In contrast, LPS treatment mainly activated the classic NF-kB inflammatory pathway (Menon et al. 2013; Behnia et al. 2016) . Elevated levels of oxidative stress markers have been described in the maternal-fetal compartment from women in PTL and in deliveries preceded by PPROM (Bredeson et al. 2014; Dutta et al. 2016) . Perhaps, the timing of the onset of oxidative stress, and not only its intensity, in relation to antioxidant capacity is most critical to predispose to different premature gestational outcomes. Several behavior-related risk factors for PTL (obesity, stress, smoking) provoke the premature induction of elevated ROS levels.
A growing body of evidence indicates that a decreased level of autophagy is associated with premature delivery. Insufficiently opposed ROS (Bredeson et al. 2014; Dutta et al. 2016 ) may initiate the aforementioned activation of HSPA1A and NF-kB that impairs autophagy and culminates in PTB. The link between inhibited autophagy, decidual senescence, and PTB was first described in animal studies. From the observation that increased mTORC1 signaling was implicated in advancing physiological aging (Sengupta et al. 2010) , Hirota et al. (2011) demonstrated that autophagy withdrawal led to induction of decidual senescence and preterm delivery. Furthermore, induction of autophagy in pregnant mice by rapamycin treatment prevented this occurrence. A recent in vitro study observed that both term and preterm labors were associated with a reduced expression of autophagy-related proteins in chorioamniotic membranes (Brickle et al. 2015) . Membranes obtained from women with PPROM who were not in labor had a decreased expression of the autophagyrelated proteins Beclin 1, Atg 3, and Atg 7 when compared to samples from women with intact membranes. Additional studies corroborated decreased expression of genes coding for autophagy components in the uterus and placenta in animal models of experimentally induced inflammation-mediated preterm labor (Agrawal et al. 2015) . This alteration was shown to be partially mediated by decreased levels of a crucial molecule for activation of the lysosomal enzyme, transport of small molecules, and protein processing (a2V), necessary for t h e b r e a k d o w n o f c o m p o n e n t s t r a n s p o r t e d b y autophagosomes (Zoncu et al. 2011; Agrawal et al. 2015) . Moreover, recent experimental data using mice knocked out for the BECN1 gene that codes for an autophagy protein suggest that autophagy may also play a role in maintaining uterine quiescence by participating in progesterone synthesis and that withdraw of autophagy culminates in PTL (Gawriluk and Rucker 2015) . Nevertheless, the literature in this field is still limited, and more studies, especially in humans, are needed to clarify whether there is a difference in autophagy levels between term and preterm labor and PPROM.
In summary, while PE and IUGR are marked by a disruption in intensity of both autophagy and oxidative stress, PTL and PPROM are characterized by premature triggering of heightened oxidative stress and impaired autophagy in fetal membranes and the placenta.
Conclusion
It is becoming increasingly clear that autophagy and oxidative stress are inter-related activities that are essential for fetal development and parturition. Further investigations of their inter-relationships at different gestational stages will lead to an improved understanding of the mechanisms by which alterations in their interactions contribute to placental pathology, disorders of pregnancy, and premature delivery. With this increased knowledge, novel protocols can then be developed to improve pregnancy outcomes.
